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ABSTRACT

Parton model predictions for lepton pair production from polarized
- =% _articles are considered within the context of a formalism
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-0 .e quite simple. Following the work of Ralston and Soper, polariz..
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is presented for the two cases of intrinsic parton transverse moment...

allowed or forbidden.
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I. INTRODUCTION

This paper is concernecd with the spin dependence of
_z-*=on-pair production in hadronic collisions. There should
5002 be the possibility of measurinrg such effects at Fermilab

where a polarized proton beam will be built.l It may also

. . 2
2& sossible to do experiments at Isabelle with polarized beams.

A companion paper3 contains a systematic treatment of lepton-pair
sirocuction by spin-% hadrons based on rotational covariance and the
Jacob-Wick helicity formalism.ék Recently, Ralston and Soper5 treated
~ais process emphasizing Lorentz covariance. ‘

' Our approach uses the helicity formalism, and although similar to
it of Ralston and Soper, differs in some details. Here we are concer-
=2 with parton model predictions for the process, and how the observa-
5le quantities for the polarized inclusive reaction can be expressed in
eruns ol convolutions of subprocess cross-sections with polarized
4disiribution functions. We make the assumption that constituents are

srn-nass-shell, with zero mass both for quarks and gluons.

There have been two explanations for the surprisingly
aigh average transverse momentum of the lepton-pair which has
ceen observed experimentally. We explain how each of these
ay be generalized to the polarized case. Perhaps the addi-
tional information afforded by spin will be of value in deciding
zme relative importance of the two suggested mechanisms.

The first explanation has been based upon the inclusion of the 2-+2
crocesses, which are allowed in QCD, but which are higher order
n the strong coupling constant than simple qqg annihilation.6

*n» these processes, the transverse momentum of the virtual

nnocton 1is balanced by that of a quark or a gluon. We show

tnat the spin dependence of the 2 > 2 processes is quite simple



when expressed in the proper way.

The second explanacion of the lepton-pair transverse
momentum has been on the basis of the intrinsic transverse
momentum of the partons within the parent hadron.7—9 We
develop the formalism for the inclusion of the effects of
intrinsic transverse momentun when both parton and hadron
are polarized.

This paper s organized as followé.

Sec.II deals with polarization effects in the QCD correc-
‘ticns to the naive Drell-Yan mechanism. In the annihilation
process, a quark and antiquark annihilate to produce a gluon
in addition to the virtual photon, whereas in the gluon Compton

proceés, an initial state quark and gluon scatter to produce

the virtual photon. (See Fig.l.) A very simple picture of

tne spin effects in these processes is outlined. Of special
interest is the fact that the Compton process has spin effects
:¥ the gluon alone has transverse polarization. How one might

search for polarized gluons via this effect is discussed.
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unctions

th

Sec.dIi explains how polarized aistribucion

to pe Gefined. Ralston and Soper nhad defined distribucica

..ictions for quarks in a spin-}s particle.

We use thelir four distribution functions hLL, hTT, hLT, and h'7 in «

way which differs slightly from their approach, the modifications bLeing

‘mpesec by our use of the helicity formalism with massless consticocacs.

mwwnqmg; Nexctc,

cr.erized distribution functions for gluons within spin-X% hadrons

’)

e derined. The relation between the longitudinal gluon polari-

€Y

7nt.on and parent polarization is quite analogous to that between
~ongitudinal guark polarization and parent polarization.

zowever, the transverse gluon polarization and parent polari-
zation cannot be linearly related because they transform .
\;ppositely under PT. However, this does not rule out a trans-
vzrse polarization which is independent of the spin-3} parent
porarization.

It may be possible to find evidence for transverse gluon
polarization when the parent is spin-1 and has tensorial
nclarization.

The QCD spin predictions for the basic subprocesses are
very simple; however, the actual observables are convolutions
©f distribution functions with subprocess cfoss—sections. It
:3 necessary to relate the guantization axes for the subprocess,

whlch are unobservable, to axes related to the hadrons

cnemselves. This is accomplished in sections IV.A and IV.B



SecJdV.A . restricted to the case of no parton incrinsic

:ransverse momentum. In this case, there are great simpli-

Zicitlons. For the annihilation process, the only non-vanishina
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struacture functions are R
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R, are defined in reference 3). Because
L 1\1 Kz

{

a0z

of the way 1n which the QMDU-N2 enter the expressions for

L K] K2
v
dotg, the normalized moments are independent of the longitudinal
polarization. 1In contrast, transverse polarization of both

guark and antiquark leads to a ¢ dependent cross-section

and affects the normalized tg.

MO0O MO0O0
For the gluon Compton process, only RL 00 and Rllll

contribute, but the longitudinal pclarization effects do affect

i

\ . M . : . .
the normalized £y - Since there are no transverse polarization

effects, there is no o dependence.

Sec.lV.B contains a detailed treatment of the effects of

intrinsic parton transverse momentum. In this case, all
R N1 N2
L Ky Ko
i1s dependent on the details of the distribution functions,

are allowed. The numerical importance of these terms

so that no definite prediction can be made without reliable
kﬁowledge of them. At this point, the best that one may do
is 2o try simple models.

Sec.V contains a summary and our concluding remarks.

In the appendix we present a comparison of our results for the
standard Drell-Yan process at Q_L = 0 with those of Ralston and Soper. The
two approaches agree to lowest order in < ki_>, but differ in higher
orders. In particular our approach allows for non-zero effects with one

hadron transversely polarized, and the other longitudinally polarized.



II. POLARIZATION EFFECTS IN HARD SUBPROCESSZES

The usual parton model relates the inclusive reaction
to an incoherent sum of "hard" subprocesses, each weignted
by the probability of finding the constituents having the
desired momenta in the initial hadrons. Ralston and Soper
have indicated how to generalize this icea to polarized
cross-sections, by introducing new distribution functions
which relate the polarization state of the (quark) consti-
tuent to that of the parent hadron. They considered the
tsual Drell-Yan annihilation of a quark from one hadron
with an antiquark from the other, and proposed four new
distribution functions hijA, hi%, hzx;A, and hSA which
relate the longitudinal or transverse polarization of
guark a to the longitudinal or transverse polarization
of spin-% hadron A. These new distribution functions depend
on X and k; of the constituent, and E& appears expli-
citly in conjunction with hLT and hTL in order to

a/A a/A
maintain azimuthal covariance. Ralston and Soper have

considered the process

q+q - IIYII

for which the polarization effects are rather simple.
Neglecting quark masses, one finds that annihilation can
only occur from states of opposite helicity, producing

massive photons with



wnere AY 1s the spin projection along the quark direction.

The spin-1 density matrix is related to the spin-% density

q

matrices of the initial state particles, p and o9, by

/of,Tpc_I_ 0 pf_p
| (1)
gp « [ 0 0 0
§
\D‘LO‘E_ o odef,
In terms ©of even-L statistical tensors,
c-to = (l-—PqPé)o ( 2a)
0 z 2z 0
c-to = (1 -p%9%¢ //I0 : T (2b)
2 z z 0
2 — l é —*q +EI l(a "a_) !
oty = <2\/5 >[PLIIP1 e’ 970, { 2¢)
wnere GO is the cross-section for unpolarized quarks,
and where P3 and B9 denote the usual polarization vectors.
The normalized tg has the value 1/v10, corresponding
to the usual l-+cosze distribution, whereas the t2 term

2

corresponds to a decay distribution containing
.2
sin“® cos(2¢ —-a_ +a=) ,
q q

and occurs only if both quark and antiquark have some

M N4yN
transverse polarization. In terms of the RL KlKZ form-
152
3
alism, the only ones different from zero are Rggg, Rggg,
Go0 000 2-11
ROll' R2ll and R2 11 and these are related among them-

selves by
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2-11_ 1000
Ry 117 = Vis Ryoo (

. 0 . . . . .
wnere 4w Rogg 1s Just the unpolarized cross-section.

These results have been obtained by Ralston and Soper

for the case of production at Q =0, or integrated over

L

Qk. If one wishes to obtain results for modest but non-

vanishing Q it would be necessary to suppose that the

l_l

.constituents have non-zero transverse momenta relative

to their parent hadrons. Since this involves a two dimen-

sional (or three dimensional, if one integrates over the

azimuthal angle ¢ ) integration, the simple polarization

predictiods given above will be "smeared'" because the

parton and hadron axes do not coincide. Collins and Soper7

have suggested that smearing effects will be smallest if

their choice of z-axis is made, at least in the unpolarized

case. In Ref.3 it was shown that the integration domain

could be considered to be the surface of a sphere, with

the Euler angles of the rotation from parton to hadron axes:
) M NjN»p )

as variables. The fact that the R transform irre-

L K1XKo
ducibly under this rotation simplifies their calculation.
However, in the absence of reliable estimates of the k,

dependence of the four distribution functions, it seems impos-

sible to make quantitative estimates of the smearing effects.

Lo

h



For large values cf (Q,, i.e. 21 GeV/c, suggestions havc
seen made to include the subprocesses which can yield large

. photons. They are:

annihilation: g+q > "vy'"+G ,

Gluon Compton; G + q > H.Yu + q .

PRy en

Trhese processes have been caiculated in the tree (or

zero loop) approximation, and results are available in the
. 10-12 L .

literature. The s-channel helicity amplitudes for

these reactions may be computed using standard formulae.

In doing so we found that for both processes extremely

simple results emerged. provided the spin-quantization

axis for the massive photon was chosen appropriately.

Since we neglect quark masses, the annihilation process

c&n occur only when quark and antiguark have opposite

helicity,‘whereas in the gluon Compton process (henceforth
called simply Compton process) the final and initial quark
helicities are equal. There then follows a remarkable
correlation among gluon helicity and massive-photon spin.

For the annihilation process, with initial quark helicity 1/2:

If the final gluon has helicity 1, the massive photon

has Jz==l along the incident quark direction, with amplitude
AclI = -4q-0//AT . ( &)

If the final gluon has helicity -1, then the massive photon

has JZ==—l along antiquark direction, with amplitude
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Al = ag-g/VEE (5)
wrhere 4= (Q-q)¢, €= (Q—q)2, with g, g, Q denoting quark,

antiquark and massive photon four-momenta, respectively.

If the initial quark helicity is -1/2, then the same results

no0ld with signs of gluon helicity and massive-photon spin pro-

jection reversed, as well as an overall change of sign for the amplitudes.
For the Compton process, with initial guark helicity 1/2:

If the initial gluon has helicity 1, the massive photon

Hy

has s-channel helicity +1, (Jz==—l along final quark direction),
with amplitude
2
s 2(8-0 -
AT = _77?EFL
1 -Su ‘6)
If initial gluon has helicity -1, massive photon has

u-channel helicity -1. (i.e. JZ==l along initial quark

direction). with amplitude

2(07°-4
-84

u =
A—-l

2

where §==(Q+qf) , ﬁ==(Q—qi)2, gq.., q. and Q being momenta
B 4

5
of initial and final quarks, and massive photon, respectively.
Once again, 1if quark helicity is reversed, the same amplitudes
apply provided gluon helicity and massive-photon spin projec-
tion are reversed.

These results show a very tight relation among gluon,
massive photon and quark spin projections, which would give

rise to very precise tests of the model provided one could

prepare and detect the polarized constituents. Realistically,
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_T Seems necessary to sum over unobserved final state

sclarizations, obtaining thereby somewhat weaker tests

even-L part of the massive photon density matrix multiplied

by the differential cross-section,

For annihilation

of the model. Using standard methods, one can derive the

namely:

2 2] 11959 + 19> @
2

2

—+"+

\
+ o9 pqezm[ 1q><1ql + ]_lq><_lq| | }
/

qa g

where p°, D are the quark and antiquark helicity density

rmatrices, ¢ is the azimuthal angle of the dilepton momentum,

2 2_|1‘3><1‘ij + !-151><—1511

R I PN CCI S IRL P

=(q+<§)2, E=(Q—q)2, i=(0-q), M =Q2 is the dilepton

mass, and as

rotation |m%

m along the direction of the gquark momentum in the dilepton

2

is the strong interaction coupling.

indicates a dilepton having spin-projection

rest-frame. The relation between imq> and [mq>

1
ay - 1 q
m> = mg_ldm'm"" IR

is then

(8)



with ¢ 20, and

The d;'m are the usual rotation functions. From
these formu.ae one can obtain the density matrix referred
either the q axis or g axis rather simply. If constituent
transverse momenta and hadron masses are negligible compared
to the hadron center-of-mass energy, the g and g direc-
ﬁions in the dilepton frame coincide with those of their
hadron parents.

If thefe 1s no beam or target polarization, our results

. . . L 10
reduce to those found by Kajantie, Lindfors, and Raitio.

If only longitudinal gquark polarization is involved, the

sole effect is to multiply the cross-section by (l —(pf+—
Q?_)(QE+—Qq_)) leaving the normalized density matrix unchanged.

in contrast, transverse quark polarization yields new
observable effects, mainly a ) dependence in the differ-

ential cross-section as well as a modification of the

normalized density-matrix. Note that ——Ji%—— pOO is

dtam“de
independent of transverse polarization when measured along

either quark or antiquark directions. Finally, we note

L KlK2

that the non-vanishing R of Eq. (10) are of the form

MOO RMOO RM—-ll
LOO" "L11° "L 11°

For G+g~> "Y"+qg, the differential cross-section

R

multiplied by the even-L part of the density matrix may be

~written as:



i / N O
/ oo \C o1 o \ /10
\ex?ata’) 37 \_g3qu?/ \8/
{
{(A \’12)2r‘15><:\-SI ; [—ls><_1ns' ]/‘l + /")G pG ) ((7(; Wi )\
i - 2 A B B O N
W U ! U U~
2 4.2 150" s>y G G q a )
+ (M7-Q) > - =P ) (D_H_—n__)> (22)

R SV 1—1S><1u1]}
In this.expression, §==(G+qi)2, E:=(G—Q)2, ﬁ==(Q—qi)2, where
G 1s the gluon momentum, ay is the initial state quark
momentum, @ is the azimuthal angle of the dilepton (measured
with respect to transverse axes used to define pf_l, the
off-ciagonal gluon density-matrix element), and QG and pq
aze gluon and quark helicity density-matrices, respectively.
The states ims> refer to axes in the dilepton rest frame

such that the final quark 3-momentum is along -2z, while the

states |m") refer to axes such that the initial quark 3-

. ~ . . > -
momentum is along -Z. (The y-axis is along q; Xq; 1in
cither case). If the gluons are unpolarized, we again recover
the results of Kajantie, Lindfors and Raitio. However, in

contrast to the annihilation reaction, transverse polarization
of the guarks yields no observable effects, and longitudinal
quark polarization is unobservable unless there is also longi-

L .\ : . . G
tud.nal giuon polarization, 1i.e.

G
. I ,
#p—l—l n contra;t
~ransverse gluon polarization can yield observable effects,

independent of the initial quark polarization. The quantity
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G - . s -
. , after a sulitable choice of transverse axes, can be
chos~n real and is proportional to the difference between

_ntersities of linear polarization along the two principal

wahere pG denotes the probability that a gluon has linear

Yy
colarization along the principal direction vy. The fact
G _2i% . . : .
that N le occurs is required by invariance under
arbitrary choice of transverse axes.

. s .
The relation between the states |m°p» and |m > is

given by

1
s -1 ,u
2 X o m®
m:.—
wnere ¥ z0 and
Sagl
1~ > -tM
2?34 - > : (13)
(8-M7) (M™-1Q)

Once again, if one neglects hadron masses and quark transverse
momentum, the directions of the initial guark and its parent
hadron coincide. In contrast, the axes used to define {ms>
co not correspond to any definite hadron direction, and it
would be judicious to replace the [ms> of Eg.(11) via Eq. (12)
in carrying out practical calculations.

An interesting aspect of the Compton subprocess compared

to annihilation is that the longitudinal polarization effects



5

ao rnot factor out, but rather change the normalized density
..at¢rix. This property might be useful in isolating effects
associated with the gluon induced reaction. Finally we

note that the transversely polarized gluon effects do not
require any target quark polarization, and could thereby
vield observable polarization effects for dilepton pair
oroauction using only a polarized target or a polarized beam
iout not both). As we shall see in Sec.III, it is impossible for
a spin 1/2 polarized hadron to transmit transverse polari-
zation to a gluon constituent. The same need not be true
of a polarized deuteron (provided it has some tensorial
polarization),‘hence one might imagine isolating polarized

: C o . + - .
gluon effects in a reaction such as 7+D > u py +X witha

polarized deuterium targetiZP

The non-zero Ro "AN2 are of
L Kle
MOO MOO M20 .
. - _
the form R 54/ Ry 1 and R 54+ For spin 1/2 parents
R?‘ég is not allowed, and does not contribute to any polar-
L

ization effects.
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T . RELATIONS AMONG CONSTITIUTNT AND UADRON POLARIZATTONS

The calculations of the previous section show that substantial
polarization effects are to be expected at the level of the hard
subprocesses. llowever, the extension of these calculations to the
hadron inclusive process requires knowledge of the distribution
functions for polarized constituents in polarized hadrons. Ralston and
Sopershave discussed the relation between quark polarization and spin-/2
parent polarization. They introduced four kinds of polarized distribu-
tion functions, called hLﬁA . hi;A ) hiﬁA and hz;A" where L-andg..T
denote longitudinal and transverse, respectively, a and A representing

quark and hadron. These are functions of x the fractional (light-cone)

AY
>12

momentum of the quark, and kA , its squared transverse momentum. The

method proposed by Ralston and Soper is to use a polarized quark

propagator which is written as

a ST -
- - st ,
Kl = v A" -y S_ )
. . . + + - 2 a 2T
where K, is a light-like vector, K, = Q , K, = lKTl =‘O, A" and S,

are, respectively, twice the average quark helicity and the transverse
—9 - .
(to KA) polarization. Using infinite-momentum-frame arguments, Ralston

2T . 3
and Soper relate Aa and Sa to the parent hadron polarization via

2 2
a LL %T A LT ﬁT 2T =27
-7 LT >12 AT T 2T
S, = ha/A(xA,kA X |<A+ /A(xA LS, - (14b)
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A
In terms of the hadron helicity-density-matrix 0 ,

- A A A
Ao=p -l (154)

T 2T, ~ A
[ (s + i(s)y] = p_, (15b)

=T | . L
If kA is zero, then there are only two relevant functions, ha/A and

hTT hereas £ P
a/A’ whereas for non-zero Koo

longitudinally polarized quérks can be
found in transversely polarized hadrons (provided hi;A A 0). Although
the theoretical status of quark transverse momentum is far from clear,
the presence (or absence) of distribution functions like hT and hLT

a/A a/A
is subjéct to very simple experimental tests (at least in the context
of the Drell-Yan mechanism). If oﬁe hadron has only transverse polari-
zation, while the other has only longitudinal polarization, the obser-
vation qf any effect implies either hTL or hLT # O.

Although the approach of Ralston and Soper leads to definite
predictions for the standard q + i - 7 process, it requires some
modification in order to be used with our helicity formalism, which
assumed massless constituents. Let us recall first some general proper-
ties of polarization for massless particles, as discussed, for
example, by Michel and Wightman 1‘3. From the work of Wigner 14
it is known that for massless particles, a basis for a one-dimensional

irreducible unitary representation of the proper Lorentz group is formed

by one-particle states with definite helicity s or -s, s being the spin.
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Consequently, the only effect of a Lorentz transformatiun on such a

state, apart from changing the four-momentum, is to multiply the

t 3
state-vector by a helicity-dependent phase, e lsP. Therefore the

normalized helicity-density-matrix is characterized by two Lorentz

d,ourtwas.e.
v\ v-Ja-A."g
invariant quantities, (P - P s-s) and ps s ° An arbitrary Lorentz O s

ss -
transformation can modify only the phase of the off-diagonal matrix
elgment ps—s' This offers the enormous advantage that fhe helicity-
density-matrix, once specified in any given frame, is then determined
in all frames, up to the phase of ps_s. In particular, if in the
hédron C-M frame the helicity-density-matrices for massless constituents
are specified, then in the parton C-M frame the same helicity-density-
matrices Apply, except for the phase of ps—s' Of course, the phase of

ps s depends on the choice of transverse axes in the parton C-M frame,

which can be made arbitrarily. In order to remove this arbitrariness,

~

hd ~

G 21
1¢, where ® denotes

. . i
one may consider expressions such as;fle or p1 18
+= -

the azimuthal angle of the produced dilepton in the parton C-M frame.
It is expressions like these which occur naturally in the cross-sections
for the subprocesses (as can be seen from the previous section).

Our taskiis thus to propose expressions relating the helicity-
éisé

density-matrix elements (pss-p_s_s) and ps-s in the parton C-M frame

to the parent hadron polarization. Noting that these quantities are
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For a quark in hadron B, we write

Xb = hLLK + hLTki(p?+ei® ei(@2-¢0 + pB efi@ e-iGDZ-@))

+ -

. 3 . . TL . -
p?+91® = (hTTp? el® e1«p2—¢) + s kTX )e1(® _(OB) . (1705

+ | 2 BB
Here ¢2 and 68 represent the azimuthal angles of Zg in the hadron C-M
frame and of the parent hadron momentum in the parton C-M frame,
respectively. The choice of phases is dictated by our use of the
Jacob-Wick !""particle 2" convention.

At this point we compare our approaph with that of Ralston and
Soper. First we remark that our use of the helicity formalism with
massless constituents is only an approximation, since off-shell
constituents are to be expected as well. However, given our assumptions,
the réquirements that our parton model cross-sections, when convoluted
with our polarized structure functions, yield results consistent with
the general forﬁflism for polarized hadroproduction of leptons, forces
us to use eqs. 16. This will become apparent in the next section,
where we show that our approach indeed yields results consistent with
the general formalism, once all smearing effects (including final
state rotations from parton based axes to hadron-based axes) are
included. This kinematical complexity is compensated, to some extent,
by the simplicity of helicity amplitudes for the sub-processes.

. . LL LT TL TT
Although our expressions involve h 4, h , h and h , we use
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these distribution functions in a way which differs from that of
Ralston and Soper. One may thenAask whether our functions are to be
identified with theirs ? The answer is that if we examine our helicity-
density-matrix in a frame where hadron A has very large momentum, then
our effective polarized quark propagator differs from that of Ralston
and Soper by terms of order ‘Kil, provided the four distribution
functions are identified. Therefore we will differ in our predictions
for various observable quantities by terms typically of order

=T -»T A . . .
<lk I>/M) where <lk |> is some measure of the intrinsic transverse
momentum. In the Appendix we show how our results differ from theirs

in the special case of production at Q, = O.

<

The problem of gluon polarization was not discussed
by Ralston and Soper, but it is not difficult to adapt their
results to the helicity polarization of the gluons. The

‘difference between ,intensities for positive and negative

. s q
helicity gluons, p?l'_p?l—l' is similar to pz+-p for

quarks, and we may write,

G G _ LL A LT  T(A 10 i($1-0) | A -i0_-i(01-0))
117 P11 T Pgyal G/A NG —+

imj . ith > A -*pB We have intro-

and similarly for B, wit ¢l ¢2, Py _ 4

. e ' . . LL L LT
duced polarized gluon distribution functions nG/A and nG/A,

T, 2 LL
) <. G/A can
LT

. 15
be made using the results of Close and Sivers, whereas hG/A

which depend on x and (k An estimate of h
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contributes only after integration over kT, and may be
expected to yield a smaller contribution.

The problem of transverse gluon polarization is rather
Gifferent. For a photon beam, it is well-known that four
seal numbers specify the unnormalized density matrix.

These may be chosen as the intensities of linear polariza-
=_.on along the (orthogonal) principal directions, the
azimuthal angle of a principal diréction, and the differ-

ence of circularly polarized intensities. The quantity

~
I
T1-1

under the operation PT, whereas the polarization vector

is related to the linear intensities, and is even

for a spin-1/2 hadron is odd under PT. Thus there is no
analog to Eq.16b relating the transverse polarization of
the gluon to the polarization of a spin-1/2 hadron. However,

is zero. The relation

this does not imply that p?_l

2i¢ TO [k§]2621(¢-¢A) (19)

G e = h
P11 = Bg/a

: ) :
is allowed, where hESA(x’kT ) represents the probability

of finding linearly polarized gluons in an unpolarized
spin-1/2 hadron. Although it may appear paradoxical that
transverse gluons can be found in an unpolarized hadron,
this is what occurs in the model cf Altarelli and Parisi,16
where the gluon radiated by a quark tends to have the
slectric vector mainly in the plane of its parent hadron.
Since all azimuthal angles are equally likely there is
~o net transverse gluon polarization, but there should

~= measurable effects due to the presence of thA.



Although the transverse gluon polarization cannot
depend on the spin-1/2 hadron polarization, PT does allow
a linear relation between trans&erse gluon polarization
and tensor polarization for a spiﬂ—l parent hadron. By
tensor polarization we mean that the guadrupole polarization
moments of the hadron are different from zero. A simple
sut striking test of the presence of gluons in a deuteron

would be dilepton production in

m+D(+) - Q+£—-+X ,

with some tensorial deuteron polarization. The standard
picture of £he 7D reaction would allow for no polariza-
tion effects, since the pion is spinless, and the basic

guark subprocesses require both beam and target polarization.
The gluon polarization in the deuteron might be related to
the tensarial deuteron polarization by a relation of the form

2i9 p(i_leZJ.d)AeZl (o-0a)

0]
il

_ {hszD_leZi(¢l-¢)e2i¢
(20)

+ thkTRepgoel(¢l_¢)el¢

+ Tk % (300 —1)}eZi (2-0a)
00
In this expression pim, denotes the deuteron helicity
density matrix. TIf suitable polarized deuterium targets
were available, a measurement of dilepton production with
& pion beam could indicate unambiguously the presence of

spin-1 constituents.



It should be noted, however, that there is a good reason
to expect these effects to be small for deuterium. Intuitively,
the hard scattering involves the constituents of the deuteron.
Since the proton and neutron won't contain transversely polarized
gluons, any such gluons should come from the binding of the
nucleons to form a deuteron. We expect such effects to be

szall.
Another difficult experiment which might find ev;dence
for transversely polarized gluons involves a polarized hyperon
beam. An §  beam with tensor polarization could be a good

source of gluons with transverse polarization.
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IV. _CONTRIBUTIONS TO HADRON POLARIZATION EFFECTS

If the constituents of a hadron are assumed to have
no transverse momentum in the hadron C-M frame, it is
relatively simple to extend the formulae for the elementary

processes to the inclusive reaction. The neglect of k|

Hh

effects greatly simplifies the relations among polarization

th

fects in the elementary and inclusive reactions. The

)

sic technical difficulty is to relate quantization axes

&)
i

reievant for the subprocess to axes based on the hadron
process. Standard parton model formulae‘express inclusive
cross—-sections as convolutions of cross-sections for sub-
processes with distribution functiéns. In order to describe
the polarized inclusive cross-sections, the usual formulae
must be generalized to include rotations from parton based
axes to Hédron based axes. Such a generalization is readily
obtained if one considers quantities which transform

trreducibly under such rotations, namely i%l tg .

dQ
Let us suppose that in the massive-photon rest frame,

two sets of axes are defined, with corresponding states

|jm> and |jm), related by
|37 =-; D), (R)|jm'> .

The moments Eg and tg will then be related by

M L M
£ ‘%—: Dy RIEL

(21)

3]
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witn the inverse relation

=D on E @3 )

Ir. order to determine the rotation R, a simple procedure

is to choose two vectors (typically momenta of some particles)
and to find their spherical components au, bu, Eu, EU in
che two different systems. (Our convention is ‘p0==pz, Py =

_(px-+ipy)//§.) Knowing these quantities one can then

solve the relations

m
li

1
) Z\; D, (R)a, . @ha )

o
i

2 DL, (R)b 24 b)
v

“or the Euler angles (a,B,y) of the rotation. In what
follows, we shall use the | jm) to refer to parton-based
axes, and |jm) to hadron-based axes.

In Sec.III we used a Dirac bracket notation to
define the density-matrix for the massive-photon. The parti-

© cular matrix, which we denote by pl,

ot = 5 [IDAI + 1-1¢-11 ], (25)

in terms of Ifﬁ) states, occurred frequently. 1In terms

of the t, referred to the |jm) basis,

4

t =

L1 1
= Yttt mfotm>

mMm' (26)

]
o
o
w
On
O
Q
o -
ot
o
v}
=

*
z
N
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where R 1s the rotation defined by Eg. (21).

The resulits of Kajantie et al.io show that the relation

. between the cross-sections for the hadronic inclusive

reaction and the hard sub-processes q+q=*>"y"+G, G+q -

.|~Y|| +q’ lS

A(xl)fj

1
dM dde 1,] jrmin (x —l=i e¥) / dM~dt
L ' X3 1 27T :

where fi/A(xl)' fj/B(xz) are the constituent distribution
functions. (The kinematic variables will be defined below.)
We may generalize this formula to the polarized subprocesses
-noting that in the absence of k,, only the distribution func-
LL

tions h and hTT are allowed, since hLT and hTL do

not contribute in the absence of ki' For annihilation,

we find

1Ll _L*
38.0%0 =0 0 0 Pmo (RB))] (28)

T <TT ™ . TT
* 4[%1/A i/B l/Ahl/B-Ffl/Afl/Bhl/Ahl/B]

x (€-M%) (G-M )[ A oB G210 Cr i Dag (Ry)DEL (Ry)

-+ +- mMm'

A B —21@ 1l 1 1*
+ p ‘ Z C Dml(RB)Dm'l(RA)]}
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.o tnis expression the distributior functions f. , .
A exp i/A i/A
‘:i/B’ ni/B) depend on xl (xz?, the integration variable

whiich is the fractional light-cone momentum of the quark
in nadron A (B). The fractional charge of the quark is e
ar.d the sum i1s over flavors. The distribution functions for

nti-quarks are denoted by £ and h. In terms of the

fn

drlepton four-momentum and X the kinematic quantities

ll
are defined by

T = Mz/s .
%2 = af+u%)/s
AT = (xpe¥ - 20)/(2 - %ge™Y)

X, = (iTe‘Yxl-zrxdle-iTey) .
s = X X,8

£t = s(r-—% iTe_yxl) ,

a = S(T-—% xTerz) /
td =o’s .

Rather than specifying a definite choice of axes in the

dilepton frame, we have defined the tg in terms of two

rotations, R R which relate axes systems corresponding

A’ B’
to the ~ systems of Eq. (21) for which the Z-axis is along
the momentum of hadrons A and B respectively (The y-axis

is always parallel to EB}{SA)' Once a definite choice is

~ade, the Euler angles of the rotations may be determined, and

(29a)

(29 b)

(29 )

(29 4)

(29 e)

(29 £)

(29 g)

(29 h)
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29/

\_//
- :dictions may be made. The rotations are independent of
in& integration variable xq and may be taken outside the

-egral. If the choice of axes is such that the y-axis

~ormal to the production plane, then the Euler angles

» and Yy for rotations Ry and R, are zero.
If Eq.(28) is compared with Eq. (10) of Ref. 3, it is seen that
o — M N,N MOO _MOO M1-1
crz2 only non-vanishing RI,KlKZ are RL,OO' RLll and RL 1 1
MOO 12 M0OO
The ' , i1.e.,
Th RL‘ll enter in the same way as the RLOO i.e .the
normalized tg (dotg/dotg) are independent of longitudinal

polarization. 1In contrast, the joi—i term corresponds

to a & dependence in the cross-section, and it affects

the normalized tM as well. Note that transverse polariza-

L
~lon effects require that both beam and target be transversely

~wolarized.

For the Compton process we find

M . 2
doty j Z .2 fl o XX, A) (l)<_a as>
2. 2 ~ i | i1 Ly o) ) s\

dM~dydQ d¢ Tln (xl e
< fG/Afi/B (§—M.2)2 (1 +hLL LL }\A)\B)G 5 s lLl L* R ))
a 2 /A i/B LO MO 0 00 MO

_—LL (l cI;J/JA LBBAB)(‘?(SLO MO ~ égé ;O(RAO (30)

£ £
i/afc/B 2.2 A.B Ll L
* T [( ) (1 *hi A G/BA A (36L06M0 000 M0 (Rs))

+ @M 2 (1 hy G/B}‘A)‘B>(3GLO MO~ égcl) »IZO (RE))] }

ir Tnlis expression the kinematic quantities are those defined

in 3c¢.(29), and the distribution functions for hadrons A and B
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depend on X and Xy

rotations Rg' RE and Rﬁ, defined as follows:

respectively. There are three

For all axes ¥ along (EB:<5A)

N¢

RA.:

5 aiong = {X)P, ¥ X5Pg

~ -
RG' Z along-—pB

-~ ->
R, : 2 along Pp -

Thus Rﬁ and RE do not depend on the integration variable,
L*
MO

Y 1is irrelevant. Once again, if the axes are chosen with

whereas R§ does. Since ounly D appear, the Luler angle

y normal to and Pg the three Euler angles ag, aE, Oba

Pa

=

are all zero, as well.

The Compton process contributes terms of the form

MOO M0O o .
RL 00 and RL 11 only. 1In contrast to the annihilation

process, the longitudinal polarization effects do not factor

out of the normalized density matrix. There are no transverse

polarization effects, hence no ¢ dependence.
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Iatrinsic kl and smearing

If there were no intrinsic kl(primordial or intrinsic
~arton transverse momentum), a number of simple observable
cocnsequences for hadron polarization effects in dilepton
~-oduction would follow. For example, with one initial
hadron transversely polarized and the other longitudinally
soxarized no effects should be observed. When such an exper-
iment is performed it is likely that some (possibly small)
cZfects will be observed. The simple predictions of the
Drell-Yan process and its lowest order QCD corrections are
likely to be modified by some smearing in k;. It is therefore
of interest to set up a formalism in which k, effects may
be estimated, if not rigorously computed. These effects
may be grouped into several classes, namely: (1) The directions
of initial parton momenta do not coincide exactly with those
of parent hadrons, and the parton reaction plane is not
the same as that for the hadronic reaction. (2) The kinematic
variables depend on k, as well as on X1 and Xye
(3) The distribution functions hLT and hTL as well as

q/A q/A
the gluon distributign function thA will, in general, con-
triouce to polarization effects.

In writing explicit parton model formulae, our aim 1is

to respect the general formalism presented in Ref. 3. In

Sec. III we have shown how the distribution functions of Ralston and

Soper should be interpreted in terms of our helicity formalism, in

order to obtain the correct ¥-dependence. Since the order of magnitude

of kL is comparable to hadron masses, we shall include the initial
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£inal hadron masses in our formulae.

| | , I'pytp,
In the hadron C-M, using light-cone momenta (p-:z_ﬁZT_ ,

four-momenta of the beam, target, dilepton, beam consti-

tuent and target constituents may be written as (order is

-
o
Py

P s Py’ py)
M .
A -
Pr = 75 (e%, e g‘ 0, 0)
M
_ B -N n
pB - 7'2_ (e , €y, O.r 0)
<MLey Mle-y ' : >
Q = 75 75 Qlcos®, QL51n®
M. eb k% e—E
k = <x A L k1 cos¢ Ky sin¢
a 1 V27 /fleA' 1, 17 "1 1
<k§le_n sz e ‘
kb = /iszB, 75 kzlcos¢2, k2151n¢2>

wnere -

If

coshf = (s-+M2-M§)/(2MA/§)

A

2 .2
coshn = (s-FMB-MA)/(ZMB/E)
2 20%
M, = (M7 +Q))
- ’ 2 —
. MM E+n+k7ilk21e e oker ke (6. -6.)
s = X, X e - Ccos -
1,2
127A B xlx2MAMB 14l l "2
£ =MP_x.MMe"Y_ =L -2ky Q cos($-9.)
1Al XM 1, 1
A
) , ey k% 1M1e—(n+Y)
a =M "XZMBMLe - szB -2klelcos(¢—¢2)

these momenta are transformed into the parton C-M frame,

( 31a)
(31b)
(31¢)

(314)
(31e)
(32 a)
(32b )

(32 ¢)

(324)
(32e)

(32£ )
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<..e hadron momenta EA and 58 will have azimuthal angles

;. and $B respectively, while the dilepton will have

.. The differences -3, 5-—$B may then be expressed

A
- cerms of 0 -¢,, b-¢,, defined in the hadron C-M frame.

For example

~ o~ U V_A O
Sln(¢_¢A) = epvkcpAQ PaPp
o533, - T o a0 o o S0

A (pA PaQ*Py, ¥ PA PR P, — 5 Py Q)

where the scalar products and invariant pseudoscalar may be
evaluated in the hadron C-M. A similar formula holds for

6-—$B, provided p, is replaced by py on the right-hand-

side.

In order to describe the dilepton polarization, we choose

the y-axis along gB)ch, but leave the choice of the z-axis
free. To be precise, we suppose that in the dilepton rest-
frame unit-vectors GA and GB in the directions of SA

and EB may be written

£
]

cosY & +sin¥Y &
z X

cos(W—x)ez-+31n(W—x)ez

where x(0 =<y <w) is the angle between EA and 58' defined
by
—(py*Pp - Py QP 0/M%)
, A Pp ~Pa "~ Py
2 2 2 2y1%
[((op-0/m? - 12) ((pg-a/m ? -u2)]

cosy =

and where the parameter VY fixes the choice of the z axis

relative to the hadron momenta. Let the spherical polar

(33)

(34 a)

(34 b)

(35)
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angies of.the parton momenta Ka’ ﬁb in the dilepton rest-
frone be (oa,¢a) and (Ob,¢b), respectively. Once more, a
juGicious choice of scalar products and pseudoscalars enables
Shae Tto rélate these angles to the kinematic quantities
defined in the hadron C-M frame.

As a first example of k, smearing, we consider the
sctandard Drell-Yan process gq+g~+"Y", which was also discussed
»y Ralston and Soper, for Q1:=0' The relation between hadron

and parton cross-sections may be written as, in the unpolarized

c3ase

do 1 f 2 2 4

=—§ dx.dx,d°k; 4k, 8" (Q-k,-k, )£, ,,£.,.0.. (39)
> 1 2

dM“ddefd@ 4 ~ 1772 1 i 1772 "i/A7j/Bij

~ere the distribution functions are now understood to depend

cn both x and k%. The integration may be carried out

in the dilepton rest-frame, to yield

2
do 1 jﬂ ' 4no
_ = = E dcos8 4o _(f. ,. E. +£. ,£.,) <————> (37)
szdde%dQ 8 - a 'a i/A"i/B Ti/A"i/B 3M2
where (da,¢a) are the angles of parton a. In this case

the momentum of pafton b 1is opposite in direction to that

of parton a, and the kinematic variables x, X, k ks
1 2 1,72,

oy and ®—¢2 may be expressed in terms of the quantities

¥, 8_, ¢_. The arguments of the distribution

SIMIYIQLI a a

functions may thus be determined, and the integral performed
samerically. It is then relatively simple to extend the dis-
cussion to include polarization effects. The essential point

is that the massive photon density-matrix is given by Eqg. (1)
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v<.ative to the Taxes such that parton a is along the

. & denote the azimuthal

Z-axis. In this Tsystem let ® B

A
angles of hadrons A and B, respectively. Then we may
sezwrite Eq.(2 c¢), for example, as

- 2y2 o, (9,67 P83 ot 1 (Barhp) ) (38)

.

Then via Egs. (16b)and (17b), we express the parton density

matrices in terms of hadron density matrices, to obtain

. . TL

2 fg ( TT A _-id -i(¢;-0¢)  h A)

gt, = 2 5 9 h™"p e e + 5 kllx

—TT B —-i¢ -i(¢p,-9) ETL' B\ i(da+0n)
X(h p. e e 277+ = Ky )\)e ATTB (39)
+~ 2 1 _

Ir. this expression, the ¢ dependence is explicit, the
physical angles ¢1—¢ and ¢2—¢ are related to the inte-
gration variables, and only ($A-+$B) is convention-dependent.
~M

However, it is necessary to "rotate" the tL

based axes, and this rotation will restore convention indepen-

to the hadron-

dence.

In the “system the Z axis is along the direction of

the quark (which we take to be a constituent of hadron A),
hence the rotation must have Euler angles (¢a,ea,y), where

v is to be determined. The relation between the Eg and
M

T may be written

M _Z L* M
tL - DMM' (¢al earY) tL - (ltO/
M'

we use the fact that the azimuthal angles of hadrons A

i
Hh



36

vo obtain

PO (4&1)
sinuaAsindaBel(¢Af¢B) 1 1
: =<ZD (0.0 )d" M)(Zom,l(cpa,ea,v)dm.ow-x))
m m'
crom which it follows that
(42)

L Oadgt2y) 2 1 1 2{: 1 1
< - sineaAsinGaB § ;Dml(¢a'ea'o)dm0(w) Dm'l(¢a'ea'0)qn'0(w—x)
m m'

where GaA is the angle (Os(%ﬂxsn) between the direction

of quark a and hadron A 1in the dilepton frame. Expressions

for 68 and 6 in terms of rotation matrices are
. aA aB
cos?9 = Dl (6_.,6 ,O)dl (¥) (&3a)
aA mo'"a’ a mO0 !
m
cos0__ = E ot (¢_.0_,0al (¥-y) (43Db)
aB mO0'*a’ "a’ mO0 . '
m

i (% b +
It is thus seen that the phase el(¢A'+¢B 2Y) can be expressed

in terms of the angles ea, ¢a' ¥ and x, and is thus well-

defined. Proceeding in this manner, one obtains the explicit

formula (for L-even)

M v
dot,, _ 1 z .:ez'[dﬂ x <4Tra2>
2 2 8 - i a l 2 3M2

aM“dydQide

1Ll L* (&)

- raybyl
x{fi/Afi/B [(l"A X)20810%m0 = €5 0 oPmo ¥a+fa )

+ 2,/ [~a 5° pl7¢ (6.8 ,0)el(¢a +0p+27)

+ +— M2 a



where we have introduced the quantities X2, Xb, Ba+, 5?

in order to simplify the expression. These are defined by

3 = hL? AT i/ak1 e A eicpeiq)i + p§+e—i¢e_i¢i) (45)
W= RIIPRIT kg (08,6 P24 08 o B gmi0g-103) (46)
B2, = hijaet e % 101 4 ] L ak1 A (47)
5_?_ = EI;B ?_e_iq)e—id’z. +ETLk21>% (48)

where ¢i==¢ -9, ¢é:=¢2'¢' and all distribution functions are
understood to depend on x and kf. Under the substitution

Vg Ty xl,xz,kl

3 T 1 1
a and k21 are invariant, but ¢1, LBy and

1

($A-+$B-+2y) all change sign, from which it follows that
&is RE??—?Z are real, as is required on general grounds.

* Although we have not specified the integration domain, the usual parton
model requirement that a parton should not have longitudinal moment

opposite to its parent hadron provides a cut-off in the eéﬁa integration.

> We note also that the inclusion of k, smearing has produced

all the terms RPLII I_.\Zl 1;.12 permitted by general considerations,
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in particular,effects with one hadron polarized longitudinally
and the ather transversely are now present. Detailed numerical
investigation of this expression (assuming simple forms for
the distribution functions) will enable one to estimate the
importance of such effects.

The effects of kL smearing may also be included in
the g+qg~+"Y"+G and Compton processes. All that is
reeded 1s a method of determining the rotation parameters
needed to pass from constituent based axes to hadron based
sxes. In contrast to the preceding example, it appears to
be simpler to work in theAhaern C-M frame, using as integra-
tion variables Xy Xy ﬁll, Kzi (subject to one constraint)
and to find the necessary rotation parameters as functions

2f these. Let us first note that the usual relation between

cross-sections for "hard" subprocesses and the inclusive reac-—

tion is (49)
dO 2 2 ~ -~ ”~ ~ 2 dci ]
S Z:fdxldxzd ky k2 £; f. pB6(8 +R +d -M)—2l—
dM“dydgide 4= ! ! J dtam“ad

~

where the kinematic variables §, t, @& have been defined
in Eq.(32). We then use our explicit formﬁla for the parton
cross-sections, to obtain the even-L tg, multiplied by the

differential cross-section.
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vos annihilation, we have

/ 2
et

/ VARIA LD LA a2 1 4 S
—Z 3 Z fdx dklldkz de. d¢286(s+t+u—M){(3n) ( )s T 2}

~uV agQ d d‘i’ utMm

2,2
a~b (t-M") 1141 L
x {fi/Afi/B<(l A )[ 2 (36LO6M0 000 PmoRa ))

, ()2 (35 s _olLl L* ))]

2 10%0 =000 Pmo®p (50)

+ 4@ (@ -MD) [ 2 30 71 (0-0at-0p) 2{: cnlpt (Rb)D

m,m'

~a ~b _-i(P-Pp+0-0R) lIJl 1
+(94P € A B) 2: Mm’mlmJD'lmg])

m,m'
+(fohHE}

b ~a+’ BE have been introduced in

The quantities Ao, X°, D

Egs. (49 ) - (52), ¢i_=¢l—®, ¢é==¢2—¢, and the rotations Ra

and Rb are defined as follows: Using the axes in the

dilepton frame defined implicitly by Egs.(34a) and (34Db),
the spherical polar angles of partons a and b, namely
(ea,¢a) and (eb,¢b,) may be determined by evaluating

scalar products and invariant pseudoscalars. The rotations

R and Rb are then described by Euler angles (¢a,6a,ya)

and (¢ ) respectively. From the form of Eq.(50), we

b’ ¥ Tp

see that only the combination Yy enters, for which

a” b
the following relation holds

i{yp-Ya) _ 1 1*
e = 2 :E: Dy, (6,.8,,0)D, (6_.6_,0)
\V]

(51)
2 : 1 1* 2
X( - DT—l(¢a'ea’O)D O(¢b b,O))/Sln 9 b
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where

L2 a2 2 . 2 ~.\2
sin“u_, = 454Ut M /((M-—u)(M—t)) . (52)

We have thus shown that all factors in Eq. (50) are well-defined
functions of the kinematic variables which characterize the
firal state and the integration variables.

Proceeding in the same manner, one derives the following

expression for the contribution of the Compton scattering

srocess.

dot! : 2
______2_ fdx dkl dk2 d¢ld¢>256(§—t+u—M )(3—")(3) 5
b (8 - M 2 lLl L, )
g {fG/Afi/B [(1” ! (36L06M0 000 PvoRe)
Y (4 - \4 ) 1 21 L )
+ (1-A (3‘51.0 Mo~ 000 MO(Rb)
2,2 oLl L
‘s M— 1% 10 18 e (21<¢-¢A) ctilpl ®Joh ,l(Rb))] (53)
o~ 2
~G~a, (§-M") 1Ll DL
£ /afc/B [(1”5 YT (3‘51.0 M0~ 000 Mo(R“))
~G~a (€ - M) lLl L
+ @-Agh) (3‘51.0 M0~ 000 PmoRa ))
2 .2
(M-t)” . TO 2 (21(¢-¢B) lLl ot )
+8 t hG/B Re GaMm P (R")D (Ra)
where we have used the substitutions e Tb and the

rotations R_. Rg defined previously. The additional

substitutions are



by

~G _ - LL A LT A 19 i¢y , A _-io0 -iq;i)

AA = hG/AA +hG/Akl ( +_e. e to_,e e (54)

3G _ ,LL \B B _i®_i¢5 B _-io¢ —iob'z)

)‘B G/B)‘ +hG/Bk2 (p e e tp,_ e e (55)
wiare the distribution functions again depend on x and k% .
In& Euler angles of the rotation Rg are defined as follows:

Let (O§,¢§) be the spherical polar angles of the recoil
Juark momentum Ka.+ib’ as seen in the dilepton rest-~frame
with respect to the conventionally chosen axes. Then the
Euler angles are (¢§,9§,Y§), where Ya remains to be defined.
Nozing that only the cawbinations YA-FY and Yg-FYb are needed in
. (53), it is sufficient to find an expression for these in terms of
¢'A; ﬁgl (Dal eal (Dbl eb .
sin~ 06,
b
° Y (56)
x DT, (6,6, ,0)DI (8., 0,,0)
Tl ' 'b’ b ’ §’
T
(v _
el(Ys Ya) = —~—5g~— ( Dil(¢§,ea, )D i ,O))
sin eéa 5
. (57)
><< D}l(cb . 0 ,O)Dl (cbm 0))
T
where
sin®0,, = 488aM’/ (3 -2 m2-@))? (58)
sin26§a = 4§€ﬁM2/((§-M2)(M2-%))2 . (59)

The explicit forms of equations (50) and (53) are fully

consistent with the formalism developed in Ref. 3. In



rarticular, the fact that the kinematic variables are invari-
ant under reflection of parton 3-momenta in the production

- plane defined by the momenta of the initial state hadrons

and the massive photon means that all Rlx\jgg and RIE 1;1 11\_12
are real, as they should be. As one might expect, k,
smearing has produced expressions for which all R%?ﬁ-?z

zre potentially different from zero. The question of which
effects are likely to be most important requires detailed
numerical study, but in the absence of reliable estimates

for distribution functions (especially the k% dependence)

ail one can do is try various simple models. We hope to

carry out such estimates in a subsequent article.
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V. CONCLUSIONS

Following the work of Ralston and Soper,5 we have made
some generalizations motivated by the observed relatively high
cransverse momentumm of the lepton nair produced in hadronic
collisions. -

We investigated
the effects of intrinsic parton transverse momentum and the
QCD 2 » 2 subprocesses. The 2+ 2 processes exhibit sub-
stantial spin correlations. Of special note is the fact that
gluon transverse polarization by itself may be observed with
a polarized deuteron or Hyperon beam.

Since the effects of intrinsic parton transverse momentum
are dependent upon the actual k, .dependence of the distri-
bution functions, one needs to have a model of the distribu-
tion functions. It would be valuable to do some numerical
work as it would be especially interesting to see if spin
may shed additional light onto the issue of the relative
importance of k, vs. the 2+ 2 subprocesses.

It should be possible within the next few years to
study muon pair préduction with polarized‘beams and targets,
and to measure in detail the multiply differential cross
sections discussed here. There have also been some discus-
sions of the longitudinal spin assymetry (which should be
easier to measure), notably by K. Hidaka‘g,:Ez and by Mani and

Noman.18 It will be quite interesting to study all these

spin effects.
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APPENDIX

The production of lepton pairs at QL = 0O has been studied in detail by
Ralston and Sopers, who have given explicit formulae for the observable
quantities which can be determined with polarized beam and target. We
asserted in Sec. III that our approach employing massless constituents and
che helicity formalism produces results which, while similar to those of
Ralston and Soper, contain extra termsproportional to higher powers of
some average intrinsic momentum. In order to show this, we evaluate the
contribution of the standard Drell-Yan process, q + ; - % in the configura-
tion Q, = O, using eq. 44. In this special case, the kinematics simplifies
somewhat, and the axes in the lepton pair rest-frame may be chosen parallel
to those in the hadron C-M frame, since only a z-boost is involved. It then
follows that kL=§sin9a,<P1=<Pz+1T =@, . ¥=0,X =7 and
(@ «p +29) = T . The kinematic variables are then independent of'wa, and
the ¢ integration in eq. 44 may be explicitly performed, provided one uses
the ¢ _ dependence of X2, Xb p_, and ﬁ?_ shown in eqs. 45-48, (Since the
aZlmuthal variable of the massive lepton pair is undefined at Q = O, one

may simply set ® = O in eqs. 45-48). If we express the results of thetpa

integration in the form,

M
aot

ZL ;%z zjd(cose)xx( == )[fl/A /Bz*r(f"’f,h"’f-l)]
aM“dydqQ, d® N 3M

(A1)
then the Iz may be written as follows :
1

0 LL B 2 LT -LT A B

Yy S R AV NURE Dgo(°v9a’°’/m}

o
ﬁ kth;'A T;’ AAXB { 5 } (A2)

Doz(o,ea,o)

where the upper term in braces is for L = O, the lower for L = 2,

T
12 - [-2 /% T;A T;B gz(o,ea,on nFTRl kzDz (0.8 o)]p . (A3)
1 LL -LT LT £LLyBoA
I, =k, [n; 1 /AP /BA p - h',h ]D1o(° 8 ,00/ 10
(AL)
3 TL TT TT T B, A

Following the conventions established in ref. 3, we see that the all
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. M Nq No 00O 00O
“‘ne-nonvanléhlng (at QL = 0) RL Ky Ko are present, namely RO 00 ° R2 00 °
G 00 000 011 011 2-11 101 1-10
R.311’211’011’11211’Rz11’Rz11""dRz11'(N°te”‘

. . . . A B A B 1 * .
w.th our Jacob-Wick convention for particle 2, p, P, _+ P_P_, = % S Sg in
the notation of Ralston and Soper). If we compare our results to eq.2.10 of
Ralston and Soper, we find the same terms as they do, except that the sign of
Tne gT gT ter t be cha d to read + 9 S VT and + ST STVT 19 Further

~& 5,.5,, terms mus change e A 8Yoo 20 A*5g¥a0°
more Ralston and Soper propose five linear relations (eqs.3.19) among the
nine coefficients appearing in eq.2.10, Expressed in terms of our notation,

these five relations have the form

ROOO-VIoR) OO -0 . (A5)
TN EIE I -
REii‘-V%RSii:O (A7)
R;(;::O | | (A8)
Ry, D=0 (A9)

If we examine eqs.A2,A3 and A4 we find that these relations can be obtained
if one replacdes the rotations functions DiN.(O,Ga,O) by DiN'(O’O’O)' However
our approach implies that the right-hand-sides of A5-A9, instead of being
zero, are éyf<lkfl>) compared to the left hand side. (The quantities on
the left hand side of A7 are already é?tgl), hence the rlght -hand-side is
6}(KL)). Furthermore our approach allows for small effects when one hadron
is longitudinally polarized, the other having transverse polarization. Such
effects are absent in the Ralston-Soper approach. It should of course be
realized that Ralston and Soper deliberately omitted effects which do not
appear in the limit of heavy dilepton mass (M2 = © | hence < ki'>/M? - 0).
However at modest masses (~ 4 GeV) it may be possible to use polarization

effects in order to extract information on k, distributions of partons.

p e
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FIGURE CAPTIONS

Figure 1: The Feynman diagrams which contribute to the

2 + 2 processes, quark-antiquark annihilation and

gluon Compton scattering.



